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Abstract 


The pyrochlore iridate GdgIr2O7 has been investigated by means of the electron paramagnetic 


resonance (EPR) spectroscopy. A magnetic transition at T* ~ 20 K is found in addition to the 


transition at To ~ 130 K, which has not been reported previously. The phase transition at To, 


which corresponds to a resistivity transition, is resulted from the long-range spin ordering of Ir4* 


ions in all-in/all out state. However, the magnetic transition at T*, which is regardless of resistivity 


transition, is not caused by Irt but Gd?* ions. Both of the magnetic transitions are irrelevant to 


the lattice distortion. We suggest that the competition between the enhanced paramagnetism of 


Gd?+ ions and the f — d interaction should be responsible for the magnetic transition at T*. 
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I. INTRODUCTION 


The iridium-based compounds with 5d outer-shell electrons provide a prototype to in- 
vestigate the interplay between the spin-orbit coupling, electronic correlations, and band 
topology due to the comparability of spin-orbit coupling energy (Uso ~ 0.3 — 1 eV), elec- 
tronic correlation energy (Uee ~ 0.4 — 2 eV), and crystal field splitting energy (Ucp ~ 
1—5 eV) 4, 5]. The competition and collaboration between these energies result 
in multiple ground states, such as quantum criticality state, charge-orbital density wave, 
orbitally-driven Peierls phase, and superconductivity {6} [7, 8) (9, [10]. Recently, the iridate 
pyrochlore oxides AsIrəO7 (A = lanthanides or Y, Yb and Bi etc) are paid great attention due 
to the theoretical predictions of exotic phases including axion insulator, strong topological 
insulator, and Weyl semimetal 17|. Pyrochlore AgIr207 is composed 
of a network of corner-shared tetrahedra, whose vertices are occupied by spins [19]. 
The spins on vertices of the tetrahedron form geometrical frustration, which enhance the 
spin fluctuation. Consequently, the degeneracy of ground states is further increased. The 
Aglr2O7, except PrəIr207 |20], commonly exhibits a second-order insulating phase transition 
with a magnetic transition into a long-range all-in/all-out antiferromagnetic state formed 
by spins of Ir** ions, as shown in the inset of Fig. 24|. Some of the rare-earth 
ions on A-sites form spin ordering at low temperatures, such as NdəIr207 and Euglr207 
27|. When A** ions are magnetic, the magnetic moments from A-sites would mod- 
ulate the magnetic ordering on B-sites. Moreover, the possible f — d exchange interaction 
between the Ir*t and A?+ leads to even more complex magnetic structures [28]. There- 
fore, the investigation of AgIr2O7 with magnetic ions on A-sites is important to clarify the 
fundamental magnetic properties of this system. 

As we know, the magnetic moments of Gd#+ ions are strong in the compounds, where the 
Gd?* ions on A-sites would introduce strong modulation on the magnetic ordering on B-sites 
in AjIr2O7 system. In this work, the magnetic behavior of Gd,Ir2O7 has been investigated 
by the electron paramagnetic resonance (EPR) spectroscopy. A magnetic transition at T* ~ 
20 K is found in addition to the magnetic transition at Toe ~ 130 K, which has not been 
reported previously. We suggest that the competition between the Gd** ions and the f — d 


interaction should be responsible for the magnetic transition at 7™. 


Il. EXPERIMENT 


A polycrystalline sample of GdgIr2O7 was synthesized by the solid-state reaction method. 
The starting materials, powders of Gd2O3 (purity 99.9%) and IrO, (99.99%) were mixed 
thoroughly according to the stoichiometric ratio of 1 : 2.1. The mixed powder was sintered 
at 1373 K for 4 days with several intermediate grindings. After adding 10 % IrOs, the 
powder sample was pressed into pellet. Then, the sample was sintered at 1423 K for another 
4 days. 

The structure and phase purity were checked by the Rigaku-TTR3 X-ray diffractome- 
ter with high-intensity graphite monochromatized Cu Ka radiation. The resistivity mea- 
surement was carried out by conventional four-probe method using a Physical Property 
Measurement System (Quantum Design PPMS). The Raman scattering measurements were 
performed using a Horiba Jobin Yvon T64000 Micro-Raman instrument with a Krt-Art 
mixed gas laser (\ = 514.5 nm) as an excitation source in a backscattering geometry. The 
EPR measurement was carried out at selected temperatures using a Bruker EMX-plus model 
spectrometer operating at X-band frequency (v ~ 9.4 GHz). The magnetization was mea- 
sured by a Magnetic Property Measurement System (Quantum Design MPMS 7T-XL) with 
a superconductive quantum interference device (SQUID). The isothermal magnetization 


[M(H)] curves were measured after the sample heated well above To. 


III. RESULTS AND DISCUSSION 


Figure|1|shows the powder X-ray diffraction (XRD) pattern for GdəIr207 at 300 K, which 
is refined by the Rietveld method. The refined XRD result indicates that the sample is single 
phase with cubic cell belonging to space group F'd3m, in agreement with the previous report 
. Figure |2| (a) gives the temperature dependence of resistivity [o(T)] for GdgIr207, where 
the inset depicts that on the lg — lg scale. An upturn is found from the inset of Fig. [2] (a) at 
To ~ 124 K, in agreement with the previous report |29|. As suggested by J. J. Ishikawa, et 
al., the lg p vs T~® exhibits a linear relation with a = 1/4 at low temperature in EugIr207 
[30]. Figure P] (b) gives the lgp vs T714 for GdsIr2O7, which exhibits a linear relation 
at low temperature. However, J. J. Ishikawa, et al., suggest that these systems are not 


typical Mott insulators for the reason that the charge gap is much larger than the transition 


temperature. The inset of Fig. [2] (b) depicts the derivative lg p(T) vs T714, which clearly 
demonstrates the different conductive mechanisms below and above Te. It is noticed that 
p(T) of Y2Ir2O7 also obeys the T~!/4 law below Te [BI], which indicates that the conductive 
mechanism of the AzIr2O7 system is determined by the Ir** ions on the B-sites rather than 
the ions on A-sites. Figure [2] (c) gives the Raman spectra at selected temperatures from 
200 to 800 cm~}, which are sensitive to detect the phonon coupling. Six peaks are found, 
Pi, Po, Aig, Ta and P; [82]. 


With temperature decreasing, no changes happen to these active Raman modes, indicating 


which are corresponding to the active Raman modes: T: a 
no change of phonon coupling. 

The EPR spectroscopy, which is an effective means to detect the micro-magnetism, is 
performed to clarify the magnetic transitions in GdgIr2O7. Figure|3|(a) shows derivative EPR, 
spectra (dP/dH) (P is the integral EPR intensity) for Gd2Ir2O7 at selected temperatures. 
With the decrease of temperature, changes occur to the EPR spectra gradually. It is noticed 
that there exist two kinds of paramagnetic ions in GdgIr2O7 (Gd?* ions on the A-sites and 
Ir‘ on the B-sites), both of which can produce EPR signals. Therefore, the most important 
problem is to determine which paramagnetic ions produce the EPR signals. Figure 33) (b) 
gives the EPR spectra for YəIrəO7 and Gdəlr2O7 at 2 K for comparison. Because the 
Y+ ions on A-sites are non-magnetic in the iso-structural YjIr.O7, the EPR signals only 
originate from Ir** ions 33]. The EPR spectrum of YəIr207 is very weak compared with 
that of GdəIr207, as seen in Fig. [3] (b). Therefore, it can be concluded that the strong EPR 
signals in Gdglr2O7 are not from Ir** but from Gd?* ions. In fact, the outer-shell electronic 
configuration of a Gd?+ ion is 4f" providing an effective moment of 7.94 up [84], which is 
much stronger than 1.73 ug of a Irt ion. 

Figure [4| (a), (b), and (c) show the temperature dependence of EPR parameters for 
GdglIr207, including the resonance field H, and corresponding g-factor, the height of the 
absorption peak, and the peak-to-peak linewidth AH,,. As shown in Fig. [4| (a), H, (defined 
as the H at dP/dH = 0) exhibits a dramatic increase below To ~ 130 K to the maximum 
value at T* ~ 20 K. Then H, decreases with temperature cooling below 20 K. The corre- 
sponding g-factor is calculated as g = hv/upgH, (where h is the Planck constant, v % 9.4 
GHz is the frequency of the used microwave, and up is the Bohr magneton). It can be seen 
that g-factor approaches 2 above 130 K. As we know, the g-factor of a free paramagnetic 


spin is 2.003 [85]. Therefore, the g-factor above 130 K indicates a good paramagnetic be- 


havior, which is in good agreement with the reported linear M~!(T) curve |23]. However, 
g-factor decreases below 130 K reaching the minimum value at 20 K. The decrease of the 
g-factor usually indicates spin coupling with the surrounding environment. With further 
decrease of temperature, g-factor increases to about 2 below 20 K. Correspondingly, the 
height of the EPR spectra exhibit a peak at 130 K, and rise below 20 K, as shown in Fig. 
[4] (b). As we know, the AH,,, defined by the peak-to-peak linewidth, can directly reflect 
the coupling effect. It can be seen from Fig. [4| (c) that AH,, increases with the decrease 
of temperature below 130 K and reaches the maximum at 20 K. The increase of AH, is 
usually caused by the broadening of linewidth of the EPR spectrum. The coupling of the 
paramagnetic ions with the surrounding would increases the relaxation time, which in turn 
increases the linewidth AH,,,. Therefore, the increase of AH,, suggests the enhancement of 
coupling between the paramagnetic Gd** ions with surroundings. However, it is noticed that 
AH,, decreases with the decrease of temperature below 20 K, which indicates the coupling 
is drastically weakened. All the EPR parameters approach paramagnetic characteristic at 
low temperature, indicating the enhancement of paramagnetism below 7™. 

The isothermal magnetization [M(H)] at selected temperatures are shown in Fig. 5) All 
the M(H) curves exhibit paramagnetic behaviors, confirming the paramagnetic behavior 
indicated by the EPR spectra. The inset of Fig. [5| plots the magnified M(H) at 2 K in 
lower field region, where no ferromagnetic hint is observed. The M(H) curves indicate 
that the ferromagnetic ordering should be excluded in Gdəlr207, which is different from 
that in YəIr207 [33]. The effective moment pier = 11.8 ug/(f.u.) is obtained by the Curie 
paramagnetic law (C = Nyz,;/3ke, where N and kg are the Avogadro and Boltzmann 
constants, [err is the effective moment). It should be mentioned that the effective moment 
of Ir*t is 1.73 ug/(Ir). Therefore, the main magnetic behavior is determined by Gd** ions, 
confirming the conclusion of the EPR results. 

Figure 6] (a) shows the double integrated intensity Izpp for Gdglr2O07, which exhibits two 
peaks located at ~ 130 K and ~ 20 K, respectively. The reciprocal of Igpr as a function of T 
is depicted in Fig. (6\(b), which shows that the Tgb p(T) above To is linearly dependent on the 
temperature consistent with the M~'(T) curve . The temperature dependence of specific 
heat [C/T] under H = 50 Oe is also shown in the inset of Fig. 6)(a), which exhibits an upturn 
below 20 K. The C/T(T) curve for GdəIr207 is similar to those of SmgIr2O07 and Ndglr207 
[22] 23|. The anomaly in SmgIr2O7 and Ndglr2O7 is attributed to the tail of a Schottky 


anomaly due to the crystalline electric field ground state doublet |23). However, there is no 
upturn in the C/T for EugIr2O7 at low temperatures because Eut has the ground state 
multiplet of J = 0 [23]. Therefore, the C/T curve of GdyIr2O07 confirms that the anomaly 
below 20 K is attributed to Gd** ions. Apparently, there are two magnetic transitions for 
GdgIr207 with the decrease of temperature. The transition at To ~ 130 K corresponds 
to the resistivity transition, while that at T* ~ 20 K is only a magnetic transition. The 
transition at Tc is caused by Ir** ions on the B-sites, which occurs commonly in the AsIr207 
systems. As we know, the spins of Ir** ions undergo an all-in/all-out transition, which is 
corresponding to the transport transition. The transition at T* is caused by the Gd** ions 
on the A-sites, which is just a magnetic transition. Generally, the decrease of Igpr indicates 
the reduction of the number of paramagnetic ions. The first decrease of Igpr just below Te 
is caused by the formation of the spin ordering of Ir** ions. The second decrease of Igpr 
below T* should be attributed to the reduced number of paramagnetic Gd?" ions. 

As indicated by the above experiment results, the spin ordering of Gd3+ ions should be 
excluded. Meanwhile, the f—d interaction should be considered in the GdgIr2O7, which plays 
an import role in the magnetic behavior 36]. The f —d coupling is not established 
above To due to the strong thermal fluctuation. When the all-in/all-out transition occurs 
to Ir** ions at Tç, the f — d interaction is established between the f-electrons of Gd?* 
and the d-electrons of Ir** ions. Below Tc, with the decrease of temperature, the f — d 
interaction become more and more stronger, which is supported by the EPR results in Fig. 
4 (a) and Fig. 4| (c). As shown by the EPR spectra, the f — d interaction is enhanced 
gradually with the decrease of temperature below Tc, which indicating that fluctuation 
exist for the ordered Ir** ions. On the other hand, the paramagnetism of Gd** is also 
enhanced with the decrease of temperature according to the Curie law (x = C/T), which 
is confirmed by the EPR results in the Fig. [4 (a) and Fig. [4| (c). This enhancement 
of paramagnetism as 1/T is called Curie tail effect [87]. Thus, competition should exist 
between the enhanced paramagnetism and the f — d interaction for the f-electrons. With 
the decrease of temperature, the enhanced paramagnetism conquers the f — d interaction, 
which results in the transition at T*. Therefore, the EPR parameters exhibit a paramagnetic 
characteristic below T*, including g ~ 2 and the decrease of H,,. However, due to the f — d 
interaction, a part of the spins of Gd** lost their paramagnetic characteristic, which results 


the decrease of Ippr below T*, as shown in Fig. [6] (a). In another word, although the 


paramagnetism is enhanced, the number of paramagnetic ions is reduced. Moreover, because 
the f — d interaction is established based on the formation of long-range all-in/all-out of 
Irt, the suppression of the transition at Tg causes the consequent disappearance of the 


transition at T*. 


IV. CONCLUSION 


In summary, the pyrochlore GdəIr207 is investigated by means of EPR spectroscopy. A 
magnetic transition at T* ~ 20 K is found in addition to the transition at To ~ 130 K. The 
phase transition at Te, which corresponds to a resistivity transition, is attributed to the 
long-range ordering of Irt in all-in/all out state. However, the magnetic transition at T* 
is regardless of resistivity transition. Both of the magnetic transitions are irrelevant to the 
lattice distortion. We suggest that the competition between the enhanced paramagnetism 
of Gd?* ions and the f — d interaction should be responsible for the magnetic transition at 


T*. 
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FIG. 1: (Color online) (a) Powder XRD pattern for Gdglr207 at 300 K refined by the Rietveld 


method (the inset shows the all-in/all-out configuration of Ir+* ions). 
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FIG. 2: (Color online) (a) The temperature dependence of resistivity [p(T)] for GdəIr207 (the 
inset plots on the lg — lg scale); (b) the p(T) curve fitted according to T—!/+ law (the inset shows 


the derivative lg p(T) vs T~'/4); (c) the Raman spectra at selected temperatures from 200 to 800 
-1 
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FIG. 3: (Color online) (a) The derivative EPR spectra (dP/dH) (P is the integral EPR inten- 


sity) for GdgIr207 at selected temperatures; (b) the comparison of EPR spectra for Y2Ir2O7 and 


Gdolr207 at T = 2 K. 
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FIG. 4: (Color online) The temperature dependence of EPR parameters: (a) H, and g-factor; (b) 


EPR height; and (c) AHpp- 
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FIG. 5: The isothermal magnetization M(H) at selected temperatures (the inset shows the mag- 


nification in the low field region at 2 K). 
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FIG. 6: (Color online) (a) The temperature dependence of Izgr (the inset shows the specific heat 


[C/T] vs T under H =50 Oe); (b) Ipgp(T) as a function of T (the line is guided on eye). 
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